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ABSTRACT

Hypothesis

The self-assembly (SA) of cellulose nanocrystals (CNC) in suspensions is important both from the fun-
damental and advanced technology development perspective. CNC of different lengths self-assemble dif-
ferently in suspensions by balancing attractive and repulsive interactions which depends strongly on
morphology, surface chemistry and concentrations.

Experiments

Two different commercial CNC samples (CNC-M and CNC-C) of different lengths were dispersed in
Milli-Q water at different concentrations (0.5-10 wt%). CNC-M is provided as a gel at a solid concentra-
tion of 10.3 wt% which was diluted in Milli-Q water. CNC-C is sold as a powder which was dispersed in
Milli-Q water with a mixer to achieve the desired concentrations. TEM was used to determine morphol-
ogy of CNC. Polarised optical microscopy is performed to get microscale visualisation of the chiral
nematic self-assembly. High flux synchrotron SAXS is applied to evaluate and compare the nanoscale
self-assembly mechanisms of CNC of different lengths.

Findings

The SA of two different types of CNC rods of similar diameter but different lengths is investigated. SAXS
analysis shows the short rods in suspension form an isotropic phase (randomly oriented) at lower con-
centration (0-4 wt%); as concentration is increased, the rods become systematically aligned in a nematic
phase. The interrod distance d varies as ¢ %32 at the lower concentration, which changes to ¢ ° and even
¢! at the higher concentrations. In contrast, the long rods in suspension remain in the isotropic phase
throughout the measured concentration range from 0.5 to 10 wt%. The interrod distance also follows
the isotropic power law slope of ¢~33, Suspensions made of the short CNC rods show long range order
and large interrod distance compared to those formed by the long rods. POM agrees with the SAXS
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results. A specific equilibrium between attractive and repulsive forces is required to maintain SA and
ordering of the rods. DLVO calculations reveal that the long rods maintain van der Waal attractive force
dominating over the electrostatic repulsion, which hinders rods alignment in an ordered manner.
However, for the short rods, the weaker attractive interactions are well compensated by the repulsive
force which aligns rods in an ordered assembly. This fundamental understanding of the SA of rods in sus-
pensions facilitates the engineering of novel CNC composites of unique optical properties which enables
novel applications such as in sensors and bio-diagnostics.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Cellulose nanocrystals (CNC) are a sustainable polymer which
has shown great potential in replacing non-biodegradable materi-
als in advanced technologies [1,2]. CNC exhibits properties of low
density, high strength, high crystallinity, liquid crystalline (LC)
behaviour, recyclability and biodegradability properties which
have created a demand which is significantly increasing every year
[3]. With this gain in popularity, CNC are interesting both for their
fundamental behaviour and to engineer advanced and functional
materials [4-6]. The fundamentals of CNC rods self-assembly
(SA) allow to modulate the LC behaviour from isotropic to choles-
teric, and nematic phases [4,7,8]. In the isotropic phase, the rods
are randomly oriented; in the nematic phase, the rods are aligned
in a particular direction. While in the chiral nematic phase, the CNC
rods are aligned in the direction of director n, which is helically
organised along the perpendicular axis ton [9,10]. Use of external
magnetic field, electric field and shear further allow aligning the
rods from a chiral nematic to a nematic transition [11-13]. Similar
SA behaviour was well-studied for the rods from tobacco mosaic
virus (TMV) and fd virus in suspension [14]. The controlled order-
ing of CNC in different liquid crystalline phases is used to manufac-
ture advanced optics, electronics, energy, sensors devices as well as
bio-diagnostics [15,16].

The SA of CNC in different phases is monitored by calculating
interrod distance, twist angle between rods, pitch size, transla-
tional and rotational dynamics, and performing a force balance (at-
tractive and repulsive) of the suspension system [17,18]. These SA
parameters depend upon the morphology and surface chemistry of
CNC, their concentration, the ionic strength and pH of the suspen-
sion [19,20]. Onsager reveals the formation of different LC phases is
due to competition between the translation and the rotation
entropy at different concentrations [21]. At lower concentrations,
the dominating rotational entropy leads to move particles in all
directions into random orientations. While above a threshold con-
centration, the translation entropy (movement in a particular
direction) domination leads to phase separation as the rods align
in a particular direction [22]. Furthermore, the large aspect ratio
of CNC leads to a lower percolation threshold concentration com-
pared to the smaller aspect ratio CNC rods [3,23]. The high ionic
strength of the suspension brings the rods closer [24].

The balance between van der Waals attraction and electrostatic
repulsion also plays a crucial part in the formation of LC phases.
During SA, the attractive forces bring the rods closer to each other
and in a parallel alignment; the repulsive forces promote orthogo-
nal ordering [25,26]. The Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory is well established to determine the resultant
potential originating from the van der Waals and electrical double
layer repulsion [27,28]. A proper balance between these forces is
important to tailor the SA in the LC phases of the system. An imbal-
ance can lead to the aggregation or random distribution of the rods
in the suspension. Thus, clear understanding on the effect of exces-
sive attraction or repulsion between the nanocellulose rods is
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needed to engineer their assembly in liquid crystal phase in
suspension.

Commercial CNC made from different companies can have dif-
ferent morphology (length, diameter, distribution) and surface
chemistry [3,29], even when using the same raw material. Varia-
tions in these parameters affect the strength and range of attrac-
tive and repulsive forces, and thus the self-assembly of rods in
suspension. It is important to understand the self-assembly of
commercial CNC rods in their received forms. Further, proper
benchmarking is required to analyse the concentration dependent
LC phase transitions. This helps in manipulating their optical prop-
erties for specific purposes, by choosing the type of treatment used
for tailoring their phase separations.

In this study, we quantify the self-assembly of the two domi-
nant commercial cellulose nanocrystals in aqueous suspension.
The two different CNC were both made by sulfuric acid hydrolysis
using a softwood pulp. They have similar surface chemistry (zeta
potential and sulfur groups) and diameters but different lengths.
The CNC were diluted in MilliQ water to achieve suspensions rang-
ing in concentration from 0.5 to 10 wt%. The objective is to better
understand how the length affects the CNC self-assembly at differ-
ent concentrations. DLVO calculation guides the prediction of the
SA mechanism of suspensions of these CNC differing in lengths
by balancing attractive and repulsive interactions. We aim at quan-
tifying how the CNC self-assembly mechanism depends on mor-
phology and concentrations. Transmission electron microscopy
(TEM) is used to visualise and determine shape and size of CNC.
Small angle X-ray scattering (SAXS) was selected to quantify the
self-assembly, morphology and interrod distance as a function of
CNC concentration. This study aims at providing the engineering
fundamentals to modulate optical and electric properties of CNC-
based material for sensor, bio-diagnostics and energy applications.

2. Experimental
2.1. Materials

Two different commercial CNC samples were purchased from
the Process Development Center in University of Maine, USA
(CNC-M) and CelluForce, Pointe Claire, Canada (CNC-C). CNC-M is
sold as a gel at a solid concentration of 10.3 wt%. The samples of
the different concentrations were diluted in Milli-Q water. The
CNC-C is received as a powder obtained by spray drying. The pow-
der was dispersed in Milli-Q water by a dispersant mixer to achieve
the desired concentrations. Both CNC samples were studied at con-
centrations ranging between 0.5 and 10 wt%. The zeta potential,
sulfur content and sulfate half-ester content were measured on
the similar set of samples in the recent publication [30]. The zeta
potential of the CNC-M and CNC-C was -50 * 6 mV and
—54 + 6 mV, respectively. The elemental sulphur content (%S) of
CNC-M was 0.73 + 0.09 and 0.57 + 0.06 for CNC-C. The sulphate
half-ester content (mmol/g) for CNC-M and CNC-C were
0.23 £ 0.03 and 0.18 + 0.02.
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2.2. Transmission electron microscopy (TEM)

Transmission electron microscopy analysis was performed at
the Ian Holmes Imaging Centre of University of Melbourne, Aus-
tralia. The diluted CNC suspension of 0.01 wt% concentration was
dropped on the quantifoil and copper grids and dried at ambient
conditions. The TEM imaging was performed on the FEI Tecnai
F20 TEM instrument in the STEM mode using HAADF detector.
Image] software is used for TEM image analysis.

2.3. Polarised optical microscopy (POM)

Polarised optical microscopy was performed on the Nikon
Eclipse Ni-U microscope equipped with two crossed linear polaris-
ers. Different concentrations of CNC-C and CNC-M were made in
the MilliQ water. The diluted CNC suspensions were placed into flat
glass capillaries (inner dimensions: 0.5 mm x 5 mm). The samples
were measured in the transmission mode at room temperature.

2.4. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering experiments were made at the
high flux SAXS/WAXS beamline of the Australian Synchrotron
[31]. The samples were prepared fresh and filled in the quartz cap-
illaries (1.5 mm thick). The quartz capillaries were measured ver-
tically in the transmission mode. The X-ray exposure time was
3 s per sample. All samples were measured two days after placing
in the capillaries. The X-ray energy is 12 KeV. The Pilatus detector
was used to collect the scattered X-rays. Silver behenate and glassy
carbon are used to calibrate the q values and intensity in the abso-
lute value of cross section. The samples were measured at the large
sample to detector distance of 7 m which covers a large size range.
The data reduction was performed by the inhouse software Scat-
terBrain. The SAXS curves were fitted with the open source SASfit
software [38].

3. Results

The morphology and size distribution of both CNC samples
were characterized by high-resolution transmission electron
microscopy (TEM). Fig. 1a shows the TEM micrograph of the
CNC-M sample and Fig. 1b that of the CNC-C. The image analysis
shows both types of CNC are rod shaped with a similar diameter
of 4-6 nm. Detailed analysis on determining the length of CNC rods
are reported in our recent publication [30]. The measured length of
CNC-M is 88.9 + 37.5 nm, while CNC-C is twice as long with an
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average length of 141.5 + 60 nm. TEM provides the local area infor-
mation; however, the aggregation of the CNC during sample prepa-
ration can lead to misleading information. It is also difficult to
assess self-assembly (SA) from electron micrographs. To reveal
the structure and SA arrangement information from the CNC aque-
ous suspension polarised optical microscopy (POM) and small
angle X-ray scattering (SAXS) were performed.

Polarised optical microscopy (POM) is made on the CNC-C and
CNC-M at different concentrations from 3 wt% to 7 wt% (Fig. 2).
CNC suspension of lower concentrations (<2 wt%) does not show
any self-assembly. The CNC-C 3 wt% shows randomly distributed
tactoid structures (Fig. 2a). Higher concentrations of CNC-C (5 wt
% and 7 wt%) show similar tactoid formation and random distribu-
tions. However, CNC-M 3 wt% shows small chiral nematic structure
domains which are distributed randomly (Fig. 2b). Increasing CNC-
M concentration to 5 wt% increases the self-assembly (domains) of
the rods with decrease in the pitch size. Further increase of CNC-M
concentration to 7 wt% enhances rod self-assembly in a long-range
order with further decrease in the pitch size. The inset shows an
enlarged image of the region showing long range assembly of
CNC-M rods. Higher concentration (>7 wt%) of both CNC samples
are too viscous to fill in the capillary and difficult to image. POM
provides information at the microscale and allows direct visualisa-
tion of the chiral nematic assembly. However, by POM it is difficult
to get information on the nanoscale interrod distance and access
information at a complete range of concentrations from 0.5 wt%
to 10 wt%. Thus, small angle X-ray scattering (SAXS) is performed
to reveal CNC self-assembly information in the size range from 1
to 100 nm [32-34].

The distribution of the scattered X-rays from the suspension on
the detector shows the SA of CNC rods in suspension. The isotropic
scattering reveals the random distribution of rods, while the aniso-
tropic distribution discloses that the rods are aligned in a particular
direction. The CNC-M sample for 0.5 wt% is isotropic, which
becomes partly anisotropic at 5 wt% and develops as anisotropic
at a concentration of 9 wt% (Fig. 3a). Azimuthal averaging of scat-
tering images shows clarity in the isotropic and anisotropic scat-
tering (supporting information S1). However, the CNC-C shows
the isotropic scattering for the full concentration range from
0.5 wt% to 9 wt% (Fig. 3b). The scattering intensity increases with
increasing concentrations, indicating a higher number of CNC rods
in the suspensions.

The SAXS images were radially averaged into the scattering
curves which is a plot of scattering intensity as a function of scat-
tering vector q (Fig. 4a). The magnitude of scattering vector is

i 200 M

Fig. 1. Transmission electron micrograph (TEM) of two different commercial cellulose (a) CNC-M (on quantifoil grid) (b) CNC-C (on copper grid).
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Fig. 2. Polarised optical microscopy (POM) images of two different commercial cellulose (a) CNC-C suspension of 3 wt%, 5 wt% and 7 wt% (b) CNC-M suspension of 3 wt%, 5 wt
% and 7 wt%. The inset in the 7 wt% shows the magnification of the chiral nematic arrangement.

(a) _M_0.5wt% M_5 wt%

-
~

(b) C 0.5 wt% C_9 wt%

isotropic otrop

Fig. 3. (a) SAXS scattering images of CNC-M for low (0.5 wt%), intermediate (5 wt%) and high concentration (9 wt%). (b) CNC-C for three different concentrations of 0.5 wt%,
5 wt% and 9 wt%.

related to the X-rays wavelength (A)and the scattering angle (20) These scattering curves allow quantification of the CNC shape,
as: size and interrod distance and interaction. Fig. 4 shows the SAXS
47sing curves for CNC-M of different concentrations ranging from 0.5 wt
= (1) % to 10 wt%. At the lower concentration of 0.5 wt%, no correlation

peak was observed, indicating the rods are not interacting and are
randomly distributed. Increasing concentration to 1 wt% shows a
weak correlation peak at q = 0.001 A~! which increases in magni-
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Fig. 4. (a) SAXS scattering curves of CNC-M of different concentrations ranging from 0.5 to 10 wt%. The grey curve is for the background from water. (b) The Kratky plot (Ixq?
vs q) of the SAXS curves given in (a). (c) The interparticle distance is plotted as a function of CNC-M concentration. The interparticle distance is extracted from the first peak

position in the Kratky plot.

tude and shifts towards higher q value with increasing CNC-M con-
centration. The correlation peak is clearly visualised in the Kratky
plot (Fig. 4b). The second order peak at q (0.02 A=) is also pictured
at CNC-M concentration>3 wt%. The correlation peak position cor-
responds to the interrod distance ‘d’ which is determined by the
relation d = 2mt/q*, where q* is the peak position. The correlation
peaks for CNC-M are fitted with Lorentz shape peak function to
get the centre peak position (q*). The Lorentz peak function is given
by:

w

2A
Yy=Yo+— (2)

T 4(x —x.)* +w?
where yq is the offset, X, is the peak centre, A is the area and w is the
full width at half maximum (FWHM). The calculated interrod dis-
tance is plotted as a function of CNC concentration (Fig. 4c). There
is a large interrod distance of 120 nm observed for the 1 wt% sus-
pension. This interrod distance decreases with increasing CNC-M
concentration. The result indicates the CNC rods come close to each
other at higher concentrations. At the highest concentration of
10 wt¥%, the interrod distance decreases to 25 nm. The slope of the
curves at the higher q value follows the q~* with a o = 4 power
law, indicating scattering from the surface of the CNC rods. As we
move towards lower q value, q varies with o = 2, which is an indi-
cator of flat CNC shape and organisation of CNC in a 2D self-
assembly, as reported previously [35]. However, the lower q values
q < 0.01 A~ follows the value of the o < 1 with the dip indicating
strong interrod interaction and ordering of rods.

Similarly, the radially averaged SAXS curve for CNC-C is shown
in Fig. 5a. There is clearly a difference between the SAXS curve pro-
file of CNC-C and CNC-M. Weak correlation peaks are observed up
to 1 wt¥%. The 2 wt% CNC-C shows a correlation peak at q = 0.02 A~!,
revealing an average interparticle distance of 50 nm. As the CNC-C
concentration increases, the correlation peak shifts towards higher
q values. This shift of peak towards higher q value reveals a
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decrease in the interrod distance. Clarity in the peak position is
seen in the Kratky plot (Fig. 5b). The interparticle distance as a
function of CNC-C concentration is shown in Fig. 5c. Interestingly,
there is no second order peak observed in the CNC-C as detected in
the CNC-M. This result indicates that the CNC rods are poorly
ordered in the long-range scale as compared to CNC-M. The power
law slope at the lower q value q < 0.01 A~! has the exponent value
of o > 1 without dips, indicating poor inter-rod interaction and for-
mation of fractals.

The variation of the power law of interrod distance indicates the
arrangement of the CNC rods (Fig. 6). In the CNC-M, there are three
slopes observed; at the lower concentration from 0.5 wt% to 4 wt%,
the slope varies with ¢=®33 which is an indication of the isotropic
distribution of the CNC rods. At concentrations between 4 and
8 wt%, the slope varies according to ¢~ which shows the presence
of both isotropic and anisotropic arrangement of CNC. The slope for
the large wt% between 8 and 10 wt% varies as ¢!, revealing the
anisotropic distribution of the CNC rods. For CNC-C suspensions
in the complete measurement range, the slope varies as ¢~%33, indi-
cating the CNC rods are distributed isotopically in the entire range.

The SAXS curves were then fitted with a shape model (form fac-
tor) to determine the shape, size and self-interaction of the
nanorod. A rectangular parallelepiped form factor combined with
a log normal distribution fits well the scattering curves of 0.5 wt
% for both CNC-C and CNC-M [34,35]. The scattering intensity is
a function contains the form factor which is defined as:

sinc(4 sin (o) cos ()

/2 2
I(q,a,b,c, Ay) / / = smc( sin
qc

sinc (¥ cos (

(or) sin (¢ )) + Background

@))abcAn
sin(a)dodg

3)
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Fig. 6. Power law fitting of the interrod distance as a function of concentration. The
CNC-M shows three different regions fitted with the ¢33, ¢~%° and ¢!, while CNC-
C only shows one fitted with ¢33,

where a, b, c are the edge lengths and Amn is the scattering length
density (contrast).

The lower wt% CNC suspension is used because the rods are
non-interactive or poorly interactive, thus providing meaningful
information on the distribution of size and shape. Fig. 7a shows
the comparison of SAXS curves for 0.5 wt% CNC-M and CNC-C.
The scattering curves are similar between q = 0.02-0.2 A=, The
scattering curve for q < 0.02 A~ shows two different slopes which
are fitted with the power law q~* The higher value of o = 1.8 is
evaluated for CNC-M and there is a smaller value of o = 1.5 for
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CNC-C. For a non-interacting particle, a larger value of close to 2
reveals scattering from a disk, and a slope close to 1 indicates a
rod shape. Moreover, the power law patterns with o value between
1 and 3 can also be interpreted as fractal aggregates [36]. The high
value of oo measured for CNC-M reveals either high width or diam-
eter compared to the CNC-C, or they are poorly interacting and
form fractal domains at lower concentrations [36]. This is in accor-
dance with the large diameter distribution for CNC-M obtained
from SAXS curve fitting (Fig. 7b). Furthermore, the interaction
between the rod is extracted by evaluating the structure factor
Sq(q) using the form factor F(q) of rectangular parallelepiped used
for fitting by:

1(q) = F(q).5,() 4)
&@:%% (5)

The evaluated structure factor for CNC-M and CNC-C at different
concentrations are shown in Fig. 7c. The Sq for the CNC-M at the
lower concentration (1 wt%) showed a weak peak which reveals
poor interrod interaction. The dominance in the peak increases
with increasing rod concentration, and the peak position shifts
towards higher q value. The dominance in the peak indicates
increase in the interference between nearest neighbouring CNC-
M rods with increasing concentration. The shift in the peak
towards higher q values reveals a decrease in the interrod distance
which is in consistent with the Kratky results analysis. The Sq
intensity for the CNC-C are weak and the peaks are shallow which
shows poor inter-rod interactions and weak interference between
nearest rods.
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4. DLVO modelling

The DLVO theory is used to calculate the potential energy
between two different sets of rods aligned parallel and orthogonal
(crossed) in a similar manner to Reid et al. [37]. The first set has a
length of L = 80 nm and a diameter d = 5 nm, and for the second set,
L=160nm and d = 5 nm. A surface potential of —50 mV at different
ionic strengths ranging between 1 and 10 mM was used. The
details of other parameters are provided in supporting information
S2. The DLVO potential energy is calculated for both the cross and
parallel alignment configuration of the rods (Fig. 8a). The resultant
potential is calculated by taking the average of attractive and
repulsive cross and parallel rods:
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Vcross + Vparallel
_U% | padie 6
5 (6)

With the crossed orientation of CNC, for both the 80 nm and
160 nm long rod sets (at a particular ionic strength), potential
energy minima have the same magnitude and occur at a fixed sep-
aration distance (Fig. 8b, solid circle and open star). When the par-
allel arrangement of rods is considered the magnitude of potential
energy minima value for the 160 nm rods being double of the
80 nm whilst the separation remains constant, which is primarily
due to the area of interactions also being double (Fig. 8b, solid
and open square).

CNC in suspension have several counter ions associated with
the rods. When the CNC concentration is changed, as is the concen-
tration of counter ions. The increase in CNC and counter ion con-

V=
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Fig 8. (a) Schematic of the parallel and orthogonal(cross) arrangement of rods. (b) Comparison of potential energy minima from DLVO for the cross (V.) and parallel (V)
aligned CNC rods of identical diameter 5 nm but different lengths 80 nm and 160 nm at ionic strength of 10 mM. (c) Averaged potential (parallel + cross)/2 calculated at
different ionic strengths to calculate the interrod distance correlating with the concentration dependent interrod distance obtained from SAXS analysis. The potential energy
minima for CNC 0.5 wt%, 5 wt% and 10 wt% were plotted (d) The evaluated potential from DLVO as a function of CNC concentrations. A linear fit was applied to evaluate the

slope value.

centration leads to a reduction in interrod distance. DLVO calcula-
tions were completed with different salt concentrations to deter-
mine whether a potential energy minimum was present,
indicating the crystals would be thermodynamically stable. The
separation distance of this minima was compared to the interrod
distance evaluated from SAXS. Table S3 in the supporting informa-
tion shows the calculated interrod distance of the potential energy
minima from DLVO for the two different lengths of 80 nm and
160 nm as a function of salt concentration. The salt concentrations
are chosen in a way to match interrod distance calculated from
SAXS for different CNC concentration.

Fig. 8c shows the change in the magnitude of the potential
energy minima for both long (CNC-C) and short (CNC-M) rods at
three different CNC concentrations (0.5 wt%, 5 wt% and 10 wt%)
for different ionic strengths. Both long and short rods display an
increase in the potential energy minima values as increases in
the CNC concentration. However, the longer rods (CNC-C) have a
higher potential energy minima value compared to the short rods.
The interrod distance at these minima values decrease upon
increasing ionic strength which is due to screening of the negative
charges (decrease in EDL force). Fig. 8d shows the variation of the

256

potential energy minima value as a function of CNC concentration.
With an increase in CNC concentration the magnitude of the poten-
tial energy minima increases. The linear fit shows a higher slope (-
2) for CNC-C compared to the CNC-M (-0.8). This indicates that the
CNC-C have a dominating attractive force which leads to a higher
potential energy minima magnitude due to being longer and hav-
ing more associated counter ions than CNC-M.

For simplicity we have applied the DLVO approximation for
interaction between monodispersed CNC rods of different lengths.
However, in practice CNC rods are polydisperse and have a size dis-
tribution. To show the effect of CNC size distribution we have cal-
culated the interaction potential energy of CNC rods of different
size distribution at a fixed salt concentration of 10 mM and diam-
eter of 5 nm. For shorter CNC-M rods, lengths from 60 to 100 nm
with a mean length at 80 nm is used. For longer CNC-C rods lengths
from 120 to 200 nm with a mean length at 160 nm is used. Changes
in the magnitude of the potential energy minima for both long
(CNC-C) and short (CNC-M) rods with different size distributions
are provided in the supporting information (S4). The shaded region
shows the assumed size distribution. Result indicates that at a
fixed ionic strength the CNC size distribution only varies the mag-
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nitude of the potential energy minima without affecting the inter-
rod distance.

5. Discussion

The self-assembly of two different types of commercial
cellulose- CNC-M and CNC-C was compared at different concentra-
tions ranging from 0.5 to 10 wt%. TEM micrograph showed the
CNC-M rods are 88.9 + 37.5 nm long and 5 nm in diameter. The
CNC-C has nearly the same diameter (4-6 nm) as the CNC-M, but
is twice as long (length 141.5 £ 60 nm). The diameter distribution
determined from the SAXS curve fitting for both CNC rods at con-
centration of 0.5 wt% agrees with TEM results (Fig. 7b).

SAXS analysis reveals the short CNC-M rods self-assemble into
different phases as concentration increases; an isotropic (0-4 wt
%) to biphasic (4-7 wt%) to nematic (7-10 wt%) phase. Upon
increasing concentration, the rods are organized in an ordered
assembly of decreasing interrod distance from 122 nm to 33 nm.
The anisotropy in the azimuthal averaging of SAXS scattering
images shows self-assembly of CNC-M rods (supporting informa-
tion S1). POM images agree with the SAXS results showing chiral
nematic assembly of CNC-M rods. However, the long CNC-C rods
have shown isotropic distribution throughout this concentration
range with a decrease in interparticle distance (from 86 nm to
24.5 nm) upon increasing concentration. POM images for CNC-C
show formation of randomly distributed tactoids which remain
same at all concentrations. The isotropic azimuthal averaging of
SAXS scattering images for CNC-C confirms and reveals the random
distribution of CNC-C rods. (supporting information S1).

The self-assembly of CNC-M and CNC-C rods in different phases
partially depends on the equilibrium between the attractive and
repulsive forces. The attractive force is produced by the van der
Waals (vDWs) interaction which depends on the dipole moments
and interactions between molecules. The attractive force is respon-
sible for bringing the rods closer. The counteractive electric double
layer (EDL) force occurs due to the surface charges on the rods. The
amount of charges on the CNC surface depends on the treatments
applied to extract the CNC rods from the lignocellulosic source. The
repulsive force brings deviation (orientation) from the parallel
alignment of the CNC rods to introduce chirality [18]. The balance
between attractive and repulsive force brings the rods to a finite
interrod distance.

DLVO is a well-established theory to understand the balance
between vDWs and EDL forces by plotting the potential energy
as a function of interparticle distance. In this study, the DLVO cal-
culation for the orthogonal (cross) arrangement for both long and
short CNC rods have shown a similar separation and magnitude
of the resultant potential minima (Fig. 8b). This is due to them hav-
ing the same diameter and therefore the same interaction area.
However, in a parallel alignment, the influence of van der Waals
force starts at a larger distance for long rods and leads to lower
potential energy minima which is due to the larger interacting
area.

While increasing the CNC concentration, CNC-C experiences
more surface charge screening due to higher counter ions concen-
trations (Fig. 8c). The vDWs force varies due to diameter, length of
CNC, along with distance and Hamaker constant A = 8.0 x 10721 ]
[38]. The longer CNC leads to a higher vDWs, but the apparent salt
concentration is higher, leading to more screening of the EDL force.
Thus, the dominating attractive interaction brings CNC-C closer
(smaller interparticle distance) than the CNC-M (Fig. 5¢). The dom-
inating attractive force over the repulsive interaction for the longer
rods does not allow rods to arrange in an ordered assembly. This
leads to the formation of a gel network at lower CNC-C concentra-
tions (gel point at 4.5 wt%) compared to the CNC-M sample (gel
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point at 8.5 wt%) [8,30]. Fewer rods come close and form smaller
domains (Fig. 9). Furthermore, these domains are randomly ori-
ented, as observed in the isotropic scattering images. The polarised
optical microscopy and polarised optical photography reveals the
similar results of isotropic and tactoid phases for the CNC-C sample
[30]. The power law slope of d = ¢%33 in Fig. 6 for CNC-C in the
entire range reveals the isotropic distribution of rods and their
domains [10]. Fig. 9 shows the schematic of the assembly of long
rods at low, intermediate and higher concentrations.

In the smaller rods system of CNC-M, the DLVO calculation
shows the attractive forces begin at a smaller distance and the
resultant magnitude of the potential energy minima is nearly half
compared to the long rods (Fig. 8b). At lower concentrations, the
rods have poor interaction and thus they are randomly orientated
in the suspension. This is justified by the slope of d = ¢™%33 (be-
tween 0.5 and 4 wt%) and the isotropic scattering image. Increasing
concentration brings the rods closer where the rods start interact-
ing with each other. The weak attractions bring the particles closer
which is well compensated or balanced by the repulsive force
which aligns rods in an ordered assembly. At intermediate concen-
trations (>4 wt%), both isotropic and nematic phase assemblies are
present in the system. This is clearly observed by the slope of
d = ¢ %3 (between 4 and 8 wt%) and the partial anisotropy in the
scattering images. At the higher concentrations, the rods come
much closer as observed by the decrease in the interrod distance.
The balance between attractive and repulsive forces leads to
aligned and self-assembled rods in a particular direction and
increases ordering assembly. The slope change d = ¢! (between
8 and 10 wt%) with anisotropic scattering confirms the presence
of nematic ordered self-assembly [10]. Fig. 9 shows the schematic
of the assembly of short rods at low, intermediate and higher
concentrations.

Thus, the self-assembly of CNC is controlled by the magnitude
of the repulsive and attractive interaction. When the attractive
force is well compensated by the repulsive interaction, the rods
have a high probability to align in a particular chiral nematic or
nematic order. High magnitude of both attractive and repulsive
interaction leads to aggregation or random distribution of rods.
DLVO calculation proves that the long rods have dominating
attractive force and thus need higher repulsive force compensation
to arrange longer rods in chiral nematic and nematic order. CNC
can be compared with other natural nanorods like tobacco mosaic
virus (TMV) [39,40], filamentous bacteriophages (fd) [40] virus and
Pf1 [41] which show isotropic, nematic or chiral nematic self-
assembly in suspension. However, different factors relating to the
surface charges, morphology [42], surrounding counterions and
material composition and intrinsic properties balance the attrac-
tive and repulsive interaction forces and bring self-assembly.
Besides extensive research on the organisation of nanorods in
nematic and chiral nematic assembly, quantitative fundamental
studies are still required to resolve unsolved mysteries of self-
assembly mechanisms. This includes understanding the origin of
chirality, and nematic and cholesteric phase at molecular and
macroscopic level [40,42]. The current study contributes to a cur-
rent and new understanding of how the length of CNC rods affects
their assembly in suspension.

6. Conclusion

The self-assembly of cellulose nanocrystal (CNC-M and CNC-C)
suspensions from two main commercial sources were studied by
SAXS and POM. Concentrations ranging between 0.5 and 10 wt%
were selected. Both CNC-M and CNC-C have a similar diameter
ranging between 4 and 6 nm, but different length. TEM micro-
graphs reveal the CNC to be rod shape and CNC-M to be shorter
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Fig. 9. (Top) Schematic of the self-assembly of CMC-M suspensions at different low isotropic (0-4 wt%), intermediate and (4-7 wt%) high concentration (>7 wt%). (Bottom)

Self-assembly of the long CNC-C rods at different concentrations.

and more monodisperse in size than CNC-C [30]. The results are
comparable with the CNC sizes of previous benchmarking of cellu-
lose nanocrystals [29]. The diameter obtained from SAXS curves
fitting agrees well with the TEM results. However, SAXS data anal-
ysis shows the CNC-M to be slightly thicker than the CNC-C.

Aqueous suspensions of the shorter CNC-M show an isotropic
distribution of rods with a large inter-rod distance of 120 nm.
Increasing CNC concentration decreases the interrod distance to
50 nm at 5 wt% with partial anisotropic distribution of the nematic
assembly. At the higher concentration of 7 wt%, the rods arrange in
a nematic assembly, showing an anisotropic distribution with an
interrod distance of 32 nm. With increasing concentration, a large
fraction of the CNC rods aligns in the nematic long-range order. The
DLVO calculation suggests that for the smaller nanorods system,
the weaker van der Waals (vDWs) attraction is well compensated
by the repulsive force which helps align the rods in a particular
direction. On the other hand, the long CNC-C rods isotropically dis-
tribute in suspension throughout the concentration range. The
interrod distance is smaller compared to CNC-M. A decrease in
interrod distance with increasing concentration is expected as
the number of rods increases per unit volume. However, the long
rods do not arrange in an ordered manner. DLVO calculations
reveal the long rods have dominating vDWs attractive forces which
overcome the repulsive interactions and hinders the long range
self-assembly of nanorods. Thus, for the longer CNC rods with
dominating attractive force required higher repulsive force to
self-assemble with chiral nematic and nematic order.

The current study combines experimental SAXS and theoretical
DLVO theory to improve the understanding on the interaction and
self-assembly of colloidal CNC rods of different length in aqueous
suspension. We demonstrated that depending on the morphology
of CNC rods, a balance between attractive and repulsive interac-
tions plays a crucial role in chiral nematic self-assembly. Previ-
ously, multiple studies were performed in understanding the
self-assembly and aggregation kinetics of CNC rod of a particular
length in aqueous suspension and solutions containing different
salts [36,43,44]. Our work brings a new conceptual advancement
in the mechanism in terms of colloid and interface science of
self-assembly of nanoscale CNC rods of different length in a col-
loidal suspension regime which can be extended to the kinetically
arrested regime [7].

Compensation of the dominating attractive interaction by
higher repulsion in the long rod system can induce the self-
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assembly of the rods in a chiral nematic and nematic order. Thus,
balancing the attractive and repulsive interaction in the commer-
cial CNC by varying salt, pH, surface chemistry or through dialysis
allows tuning the self-assembly of CNC rods into both the long-
and short-range order [35,36]. Future work will focus on character-
izing the SA of CNC rods at different pH, surface charges, and
monovalent and divalent types of salts in a wide range of CNC con-
centrations. The fundamental knowledge to control the self-
assembly of CNC of different morphology and surface composition
enables the engineering of CNC functional composites for advanced
technologies in optics, structure colours, electronics, batteries, bio-
diagnostics and sensor applications.
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